Abstract. Biodiesel blending mandate has been established in Indonesia since 2006. After 11 years of implementation, the level of biodiesel penetration on the market is still lower than the target. Technological Innovation System (TIS) approach allows to map factors that influence, either hinder or boost, the diffusion of biodiesel technology. The challenges that should be addressed are tax regulation; price fluctuation due to Crude Palm Oil (CPO) and fossil fuel price; lack of awareness from the society; inconsistency of policy; vulnerable financial funding from palm oil tax levy; lack of sustainability indicators for palm oil; and policy objection regarding palm oil tax levy. We suggest that an agreement, which contains commitment and willingness from all actors involved, should be created to reduce uncertainty towards implementation of biodiesel. Government should not only put incentive to the emerging technology but also reduce competition within the incumbent energy system to increase and stabilize biodiesel demand. Another way to increase biodiesel demand would be to raise awareness about negative consequences of increasing fossil fuel consumption and the benefits of biodiesel for the society.
Background
Indonesia is the biggest archipelago country with emerging economy. The country is rich with numerous energy sources, both with renewables and fossils. However, Indonesia still depends on fossil-based energy, as shown in Figure 1 . [1] In 2016, oil consumption has reached 41% of total energy consumption in Indonesia. The oil share is slowly but steady increasing [2] . 27% of this share is consumed by transport sector. Dependence on oil is increasing since the number of road vehicles is growing [3] . During the period 2011-2015 the total number of road vehicles, i.e. passenger cars, bus, trucks, and motorcycles, has increased from 85.6 million to 121.4 million units (9.13% p.a.). In order to reduce the dependence on oil fuel, the Government of Indonesia (GoI) enforced a blending mandate for biodiesel in 2006. A target was to increase share of biofuel to 5% of a total primary energy supply (TPES) by 2025. The blending mandate for biodiesel kept evolving over the years, where according to the latest version dated December 2015 (enforced through the Ministry of Energy and Mineral Resources, MEMR) the fossil-based diesel in transport sector should contain 20% of biodiesel by 2016. The blending composition between diesel and biodiesel should be increased to 30% by 2020.
Even though the level of blended biodiesel has significantly increased in the past few years, the actual blending and the produced volumes of biodiesel is still lower than it is prescribed by the mandate [4] . This study aims to determine the factors that hamper and foster diffusion of biodiesel in Indonesian market. Factors that hinder biodiesel development could be grouped into technical, market, social, and policy factors [5] . Some of those challenges should have already been overcome, due to implementation of advanced technology in biorefineries, standard quality regulation for biodiesel and many other now existing supporting regulations. The attempts to improve the biodiesel implementation also included in-depth analysis regarding network of actors in biodiesel business. For example, Purwanto et al [6] proposed a long-term strategy for sustainable biodiesel development in Indonesia based on the SWOT-analysis and Multi Actor Approach. According to the study, GoI has to secure palm oil for biodiesel production, enhance sustainability of palm oil plantation, and improve collaboration with other stakeholders. Purwanto et al [4] developed the recommendation by using Duri, Riau Province, as case study.
Nevertheless, the key challenges are still present. First, uncertainty of biodiesel implementation, including inconsistency of pricing mechanism and its policy. Second, lack of awareness in society regarding the biodiesel and its advantages. Finally, biodiesel market in Indonesia is still on its early stage. With aim to study the bigger system perspective and to discover the future development possibilities we suggest to examine the deployment of biodiesel in Indonesia using Technological Innovation System (TIS) approach. Thus, the biodiesel industry can be studied as a system with many actors connected through networks. Each actor can be evaluated whether it fulfils its functions on a way to successful biodiesel penetration. This paper results in policy recommendations for successful deployment of biodiesel in Indonesia.
Method
TIS approach allows to analyse an emerging technology as a system, in which each actor does their key functions and is connected to other stakeholders. TIS is an effective approach to map dynamics of technological innovation process.
According to TIS, the innovation system is divided into three structural components, i.e. actors, networks and institutions. The actors are involved within the whole value chain, which in this case is biodiesel. Actors are linked through the network, which allows them to exchange knowledge in order to deploy the technology. The final component, institutions, is legal framework where the emerging technology gains ground. Actors within TIS are not only competing on the market, but also influence the institutional alignment. Changing the institutional context could either foster or limit the diffusion of technology. All TIS components should be evaluated to determine its strengths and weaknesses, so that guiding policy to succeed the diffusion of technology could be developed. Bergek et al. (2008) and Hekkert et al. (2007) proposed evaluation of functions of innovation systems to understand the actual process that is happening within the emerging technology system [7] [8] . The seven functionalities are summarized in the Table 1 . A better fulfilment of system functions means higher chances for development, diffusion and implementation of the emerging technology. Many studies using system functions analysis to identify factors that accelerates and limits diffusion of an emerging technology. The analysis is done through evaluating indicators for each function. It allows to identify, which functions in technology diffusion is lagging more than the other. The functions analysis can be used in order to develop effective guiding policy with specific targets. For example, Negro (2007) investigated biomass energy in The Netherlands by using TIS approach [9] , while Vasseur et al. (2013) using the same approach to compared penetration of photovoltaic (PV) technology in Japan and The Netherlands [10] This study is focusing on the system functions of biodiesel as transport fuel in Indonesia. Export activities in entrepreneurial function is the only international activity that is considered, since it might influence supply of biodiesel on the domestic market. The other international activities, such as international knowledge exchange and foreign direct investment are out of the scope of this study. Data for this study is collected via desk research (journals articles, newspapers, reports, and websites).
Result
The result section subsequently describes the results of the study based on TIS approach. First, TIS structure is described to understand actors, networks and institutional framework of the system. Secondly, the next part of the result section would cover the fulfilment of the system functions analysis. Finally, policy implications for biodiesel penetration is presented in the last part of this section.
TIS Structure
Biodiesel TIS in Indonesia is started with Howlett et al [11] divided cathegorized actors in Indonesia into eight groups, which is government; international institution; producer or private company; academia; certification agency; state owned enterprise, and non-government organization (NGO). More detail regarding actor and network within TIS is presented in the next section.
System Functions Analysis

Entrepreneurial Activities
Entrepreneurial activities turn knowledge of emerging technology into business practice and market-oriented activities. By entrepreneurial activities, the practicality and value proposition of the emerging technology could be proven. However, the emerging technology often follows by unpredictable consequences when it is applied in the society. These consequences create changes to the emerging technology and its institutional context so that it could adapt to the environment and vice versa. This adaptation also required integration from other system function, such as guidance of the search. Thus, entrepreneurial activities are seen as the core activities in TIS framework.
Entrepreneurial activities of biodiesel were mainly driven by Regulation No 1/2006. To help biodiesel industry to adjust , Government of Indonesia (GoI) built the first biodiesel plant with capacity 8,000 tonnes per day in 2005 [12] . Then, many biodiesel companies were established from 2005 until 2008. During 2011, many biodiesel companies were phased out due to high price of CPO and biodiesel competition with fossil-based diesel; the number were decreased from 16 to only 5 [13] . Nevertheless, biorefinery industries were strengthen back in 2009, and further in 2016, when the blending mandate for biodiesel were increased from 15% to 20%. By 2016, total production capacity of all the biorefinery plants has reached 10,898 million liter of biodiesel. However, the total production only accounts for 33.5% of the total capacity.
By 2014, realization of biodiesel blending fuel only reached 73% from the 1,5 million kilolitres target. Penalties for non-compliance institution is ranging from official warning letter until revocation of business permit. International Council on Clean Transportation (ICCT) reported that none of penalties was given to noncompliance company. Thus, this regulation is still nonbinding for the actors involved within the system [14] . Export demand for biodiesel in 2015 decreased to 75%, from 1,350 million litres to 343 litres, due to low price of fossil fuel and anti-dumping policy by European Union (EU). Export of biodiesel was slightly increased to 478 million litres by 2016. Indonesian biodiesel export in 2017 and 2018 is predicted to be stable, especially after deferment of EU anti-dumping policy [15] . Even though entrepreneurial activities are the core of TIS, it still highly depends on constitutional framework and incentives from the government. The government should keep the incentives high enough, despite the fluctuation of CPO and diesel prices, so that the entrepreneurial activities keep running.
Knowledge development
Knowledge development involves learning activities, not limited to the technology, but also the actors, its network, and the market. Main learning activities could be divided into two, i.e. learning by searching and learning by doing. Learning by searching is mostly done by academia and research institution, while learning by doing is conducted by practitioners like entrepreneurs. Knowledge development creates many options for development of emerging technology, which caused uncertainty. However, other system functions, such as guidance of the search and entrepreneurial activities, contribute to the knowledge alignment to fit the environment.
Several universities in Indonesia are involved in knowledge development of biodiesel through conducting several researches. For instance, research about second generation of biodiesel, diversification of feedstock, and laboratories test for biodiesel [11] [12] . Universities, such as Universitas Gadjah Mada (UGM) and Institut Teknologi Bandung (ITB), also collaborated with automotive industry to use biodiesel in passenger cars [13] .
All indicators of knowledge development activities are done by government institution. Research, technological and pilot project on biodiesel are mostly conducted by Agency for the Assessment 
Knowledge development functions also aims to create various options for the emerging technology and its applications. For biodiesel in Indonesia, MEMR, IIoS, AAAT and some universities also try to produce biodiesel from raw material other than palm oil, such as microalgae, Schleichera oleosa, Ricinus communis, and Reutealis trisperma [18] [19] [20] [21] . Researches for diversity of raw material is limited and still on its early stage. The only pilot project that developed is biodiesel from Ricinus communis, while other material for biodiesel is still in lab-scale research.
Currently, knowledge development of biodiesel in Indonesia focuses on compatibility test and performance assessment of automotive vehicle which using biodiesel. While diversification of raw material beside palm oil is still on its early stage. Collaboration between government institutions, academia, and private companies in these activities have been run. This show that knowledge development function for biodiesel is already fulfilled.
Knowledge exchange
Characteristics of TIS organisational structure is the network, in which all actors can interact and have knowledge exchange. Knowledge exchange is expected to engage many actors with different background, such as government, private companies, and researcher. Through frequent knowledge exchange, mutual understanding of the emerging technology could be developed. Furthermore, policy maker can plan the future regulations according to the latest technological insight.
First seminar on bioenergy in general is held on 2008 with the main agenda to discuss the blending mandate [22] . The speakers were RDCOGT, Pertamina EP, Association of Indonesia Biofuel Producers (Asosiasi Produsen Biofuel Indonesia, AIBP), Indonesia Chambers of Commerce and the committee from EnergyIndependent Village. The second bioenergy seminar was held in 2011, which connected more actors than the previous one [23] . After that in 2015 the biodiesel seminar is more focused on the technical assessment and implementation planning for B20 fuel [16, 17] . Even though seminar and exhibition between policy makers and researchers have been done, knowledge exchange between government and society at large, especially consumers, seems to be lacking [24] . Therefore, seminars and knowledge exchange activities to vehicle users and community at large regarding benefit and characteristics of biodiesel should be conducted at a bigger scale.
Guidance of the search
Guidance of the search refers to any activities that align the development of emerging technology from all actors, for example, establishment of policy directives, expectations, and promises. Without clear guidance of search, the development of emerging technology will lose focus and other functions, such as knowledge development; knowledge diffusion, and entrepreneurial activities. The principal guidance of the search for biodiesel TIS is MEMR Regulation 12/2015, which enforced B20 and B30 program. The target is to produce 11.6 million kilo-litre of biodiesel for transport, industry and electricity generation in 2025. Currently, GoI focus to produce biodiesel from palm oil, although there are also potential to produce it from Jatropha, sugarcane, and cassava. Palm oil was chosen due to security of supply [14] . However, Ministry of Industry published Regulation 33/2013, which allows the distribution of low cost green car (LCGC) in Indonesia. Enforcement of this regulation created competition between biodiesel and fossil fuel, especially for passenger cars. Additionally, guidance for quality standard of B20 fuel is still missing in the regulation [9, 16, 17] .
Market formation
Market formation is required to support the emerging technology compete with the incumbent technology. Activities in market formation can help creating demand for the emerging technology. Market formation is important, especially for sustainable energy technology, because fossil-based energy does not internalize external cost, like its environment effect. Some examples of market formation are marketing campaign with temporary discount, subsidy, institutional framework to account for external cost, etc.
Since 2015, the current blending mandate is funded from tax levy on exported crude palm oil (CPO), which is enforced through Regulation 24/2015 and 61/2015. CPO exporters requires pay for the levy if the price of CPO is under USD 750. If the price of CPO goes beyond USD 750, the exporters are expelled to pay the levy, but instead they required to pay for regular export tax. This CPO export fund is utilized to offset the price gap between biodiesel and fossil-based diesel and support research and development of biodiesel.
In May 2017, MEMR reduced amount of paid per unit for biodiesel blenders. The regulation imposed that the amount paid to the blenders were summation of average CPO Price and USD 125/MT of biodiesel, which became USD 100/MT in the current regulation. Reduction of biodiesel revenue might weaken the domestic market and made international market more attractive. Palm oil tax levy is the only market formation regulation that enforced in Indonesia. No other incentive and tax beside palm oil export levy have been issued to the current date.
Resources Mobilization
Resources mobilization refers to allocation of financial and natural resources to support the emerging technology. Typical activities in resources mobilization are investments and subsidies. By 2016, total revenues from palm oil export tax reached 9.5 trillion Rupiah (USD 698 million) which is claimed to be enough to fund all blending mandate program, including to offset the price gap between diesel and biodiesel, and to fund research and development of biodiesel. Global Agricultural Information Network (GAIN) reported that the actual blending levels of biodiesel in the market were correlated with the amount of funding from palm oil levy. Thus, fluctuation of palm oil export will influence amount of biodiesel blending.
Biodiesel mandate increased demand of palm oil, which leads to more area required for palm oil plantation. However, the biofuel production currently causes 6.5% of annual deforestation in Indonesia [26] . With biodiesel mandate, Indonesia requires 5.15-6 million ha additional land for palm oil plantations [20, 21] . The required area for palm oil expansion for biodiesel is 11 -17 Mha without jeopardizing policy on agriculture, forestry, and climate mitigation resources [28] , while the available area for biodiesel is 20.9 Mha [29] . The required area for biodiesel could be reduced if there is an increased palm oil yield per area of plantation (tonne of palm oil per plantation area). Palm oil yields could be increased by 20% with intensification of plantation, such as crop recovery, canopy management and soil, moisture, and nutrient management [30] .
Biodiesel resources mobilization consist of the allocation of financial and natural resources. Palm oil tax levy is the main funding source for blending mandate program. Although the available land in Indonesia is sufficient to meet biodiesel target, sustainability indicators for biodiesel production is still missing.
Creation of legitimacy
Emerging of new technology into the system is followed with resistance by some actor in the incumbent energy system [31] . The actors which against the change usually do political lobbies or advice activities to hinder penetration of the emerging technology. In order to diffuse the technology, other supporting actor should hold counteract lobbies and promotion activities. These creations of legitimacy will push the decision maker to fasten or limit the technology. Despite the solid financial funding, the gap between biodiesel and fossil-based diesel price has greatly increased, as shown in Figure 4 . Thus, biodiesel blenders asked the Government to revise the subsidy in response to the change. Enforcement of CPO tax levy reduced income of palm oil farmers. Indonesian Palm Oil Association (Gabungan Pengusaha Kelapa Sawit Indonesia, IPOA) continually asks the government to reduce the palm oil tax levy and replace it with other tax regime, such as carbon credit for fossil fuel user. In addition, palm oil farmers, under Association of Plasma Palm Oil Farmers (Asosiasi Petani Plasma Kelapa Sawit, APPOF), sent objection and judicial review regarding CPO levy fund to Indonesia Supreme Court [28] [29] . APPOF demands the abolishment of the tax levy due to allegation that there is a corruption practice in the levy fund [34] . These cases have been running since 2016 and are still under investigation. Despite all the projections, GoI is still determined to meet the biodiesel mandate by 2025.
Discussion
Institutional framework for implementation of biodiesel seems to be clear, where the specific target of blending mandate exists. However, several upcoming policies by the GoI leads to uncertainty towards diffusion of biodiesel technology. For example, reduction of unit paid for biodiesel blenders and support of LCGC. This uncertainty has also created more risk for the entrepreneurs.
Taking Sweden as a benchmark, uncertainty in implementation of biofuels could be removed by having a clear guidance of the search on its early stages, which is called the Three-Party Agreement 1991 [31] . This agreement is followed by multi-sectoral strategy to support biofuel deployment. Besides supporting the emerging technology, government also requires to put tax for the incumbent energy source to reduce competition. This tax could increase biodiesel demand and reduce the risk of biodiesel producers. Tax on fossil fuel would also help the government to have financial sources for blending mandate program beside palm oil tax levy. Thus, putting tax on fossil fuel would influence system functions in Market Formation; Resources Mobilization and Entrepreneurial Activity.
Other challenge that hinder diffusion of technology is the lack of awareness by the end-users. To tackle this challenge promotion and broader knowledge exchange about biodiesel product should be initiated by the government. Knowledge Exchange regarding negative consequences of fossil-based fuel would also increase people awareness. With higher awareness from the society, the urge to shift to renewable energy, such as biodiesel, is expected to increase [31] . This activity would advance system functions in Knowledge Development and Exchange, Creation of Legitimation, and Market Formation.
Enforcement of policy and regulation should be accompanied with commitment and willingness from all the actors. Government should also be consistent, especially in giving penalties to the non-compliance actors. Funding management, tenders, projects, and other activities within the system should be transparent to gather trust from the society and in order to reduce activities that against the diffusion of the technology.
Conclusion and Policy Implications
Biodiesel blending mandate has been established in Indonesia since 2006. But after 11 years of implementation, penetration of biodiesel in the market is still under the target. TIS approach allows us to map all the lagging aspects during the diffusion of biodiesel technology through system function analysis. Some challenges that should be addressed are lax regulation; price fluctuation due to CPO and fossil fuel price; lack of awareness from the society; inconsistency of policy lead to competition with fossil fuel; vulnerable financial funding from palm oil tax levy; lack of sustainability indicators for palm oil; and policy objection regarding palm oil tax levy.
An agreement between all the actors is required to clarify the situation about the future of the technology. The agreement should be followed by the strategy or guiding policy to support the technology. In biodiesel TIS, GoI has already put incentives for biodiesel blenders to offset the price between biodiesel and fossilbased diesel. Nevertheless, negative consequences of fossil fuel in Indonesia has not been internalized in the price; instead, the fossil fuel is still subsidized. Additionally, tax on fossil fuel could be the financial source for blending mandate program other than the palm oil tax levy. A broader knowledge exchange and promotion of biodiesel should also reach everyone in the society, and not be limited to researchers and private company owners. If the society has higher awareness about biodiesel, it is expected that the demand will increase.
With diffusion of biodiesel, GoI would be able to reduce the dependence on fossil fuel, increase the share of renewable energy and reduce the greenhouse gas emission in the country. However, sustainability indicators for palm oil production should be introduced to minimize environment effect of palm oil plantation.
